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ABSTRACT

Elenes, Egleide Y. M. S., The University of Memphis. August 2010. “Development and
Validation of a 2D/3D Finite Element Model of a Composite Hemipelvis,” Major
Professor: Esra Roan, Ph.D.

Pelvic fractures are complex, debilitating injuries associated with high mortality
rates and a significant female sex-bias. Computational and experimental techniques have
been utilized to evaluate the mechanical response of the pelvis, which have lead to
fundamental information about pelvic fracture susceptibility. However, further
understanding of the mechanism of pelvic fractures is needed. Therefore, a finite element
(FE) model using a combination of 2D and 3D elements is presented for the mechanical
evaluation of the pelvis. Once developed, the 2D/3D modeling approach was used to
create a hemipelvis model, which was then validated using mechanical experiments
conducted on a composite hemipelvis. The force-displacement measurements from the
experiments and the FE model correlate well. Moreover, there was reasonable agreement
between the principal strains measured by the strain gauges during experiments compared
to FE results. In conclusion, this modeling approach could potentially be used to model
human pelves to study pelvic fractures.
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CHAPTER 1: INTRODUCTION
The pelvis is a vital skeletal component in the human body. Suspended by a
complex network of muscles and ligaments, it effectively supports and transfers loads
from the upper body to the lower body [1]. Despite its effective configuration, the pelvis
can become disrupted or fractured during high-energy transfers such as in a lateral motor
vehicle crash (MVC) [2, 3]. Fractures of the pelvis are complex, debilitating and even
mortal injuries affecting 3% of all patients sustaining a skeletal fracture [4].
The geometry of the bony pelvis is an important determinant of pelvic stability
and has been shown to be a contributing risk factor in pelvic injuries [5-8]. Furthermore,
the inherent geometrical difference between the male and female pelvis may be a
determinant of the sex-bias of pelvic fractures that is widely documented in literature.
Several studies have identified the female sex as two to three times more susceptible to
pelvic fractures resulting from MVC than males [9-11]. Moreover, the higher risk of
pelvic injuries in the female population is widely reported in military research, which
states that young female recruits are at a higher risk (up to 10 times higher) for
developing stress fractures, in particular pubic fractures, than their male counterparts [1214]. Although the sex-bias of pelvic fractures is widely documented, there is a gap in the
literature concerning the cause of pelvis fracture susceptibility in females.
Studying the mechanics of human pelvis is crucial to improve understanding of
the mechanism of pelvic fractures. A number of studies involving testing of cadaveric
pelves have been performed [8, 15-18], but pelvic mechanics are not well understood
(which is evident in the lack of in-depth explanation concerning the sex-based
determinants of pubic trauma associated with MVC). These cadaveric studies usually
1

consist of small sample sizes from older specimens due to the lack of availability of
undamaged cadaveric pelves. With older samples, possible implications of diseases such
as osteoporosis and diabetes could affect bone quality and add variability to results. Such
inter-specimen variability adds to the difficulty of designing physiologically relevant
biomechanical tests to procure the structural properties of the pelvis.
In light of these challenges, the finite element (FE) method is a useful tool in
studying the mechanics of three-dimensional (3D) structures, such as the pelvis, due to its
unique capability to evaluate stresses and strains in structures of complex shape, loading
and/or material behavior [19]. In addition, unlike cadaveric testing which is limited to
surface strains, FE analysis can assess the stress and strain distribution of the entire pelvis
[20]. Furthermore, FE can accommodate large inter-subject variations in bone geometry
and material properties that would not be feasible with cadaveric studies [2].
Given the benefits of FE method, this thesis focuses on creating a computational
method using FE analysis for the mechanical analysis of the pelvis. In this study, the FE
model is generated and validated with the use of a composite hemipelvis analogue. The
use of composite (synthetic) bone analogues, as substitutes for cadaveric bone, has
increased in popularity for many biomechanical studies; they contain the geometry and
material properties of bone, but with less inter-specimen variability, are easy to handle
and readily available [21, 22]. In addition, composite bones are less costly than cadaveric
tissue and are not subject to strict institutional regulations regarding the procurement,
utilization and disposal of cadaveric samples.
In this work, the geometry of a composite hemipelvis was used to develop a
hemipelvis FE model. Strain gauge data acquired from mechanical testing of the same
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composite hemipelvis was used for validation of the FE model. Generating FE models of
complex 3D structures with cortical and cancellous material properties, such as the
composite hemipelvis, is computationally expensive and may not be feasible in many
research and clinical settings. Therefore, the modeling approach presented in this thesis
focuses on reducing computational costs of a hemipelvis model, while maintaining
accuracy in the stress and strain analyses, by using a combination of two-dimensional
(2D) shell and 3D solid elements to model the cortical and cancellous bone regions,
respectively. Once validated, this 2D/3D approach to model the hemipelvis can be used
to develop more sophisticated FE models that will help advance knowledge in pelvic
mechanics, and elucidate poorly understood mechanisms of pelvic fractures, such as the
documented fracture susceptibility in females.

3

CHAPTER 2: BACKGROUND
In this chapter, the basic concepts of pelvic anatomy, physiology and
biomechanics are presented. In order to understand the motivation of this research
effort, this chapter also provides a brief introduction to the epidemiology of pelvic
fractures. Furthermore, previous efforts to elucidate pelvic mechanics and the
mechanisms of pelvic fractures using cadaveric samples are discussed.
Following above-mentioned sections, the background provides a look at the
history of composite bone analogues and their use in biomechanical testing. Finally, to
better illustrate the 2D/3D modeling approach of the composite hemipelvis using FE
analysis, a brief introduction to the FE method is provided along with descriptions of
previous research regarding FE modeling of the pelvis found in literature.

2.1 Pelvic Anatomy & Physiology
The bony pelvis is a ring structure formed by the sacrum and two inominate
bones, or hemipelvis which are attached to the sacrum by the sacroiliac ligaments
posteriorly and by the pubic symphysis anteriorly. Each hemipelvis is formed by three
separate bones: the illium, ischium and pubic bones. The ilium is a large, flat bone,
which protrudes outward on the superior part of pelvis, while the pubic bones—the
superior and inferior pubic rami—and the ischium enclose the obturator foramen and
form the lower cavity of the pelvis (Figure 1) [16]. These three separate bones fuse at
maturation to form the acetabulum, the socket of the hip joint [1]. During normal
walking activities the femur can transfer loads to the pelvis, through the acetabulum,
4

Figure 1. Anatomy of the human pelvis.

three to four times body weight and up to 5.5 times body weight during activities such as
running or stair climbing [23].

2.2 Pelvic Biomechanics
In order to withstand the heavy loads applied to tthe
he pelvis, the structure of the
pelvis has evolved to resemble a “sandwich construction” consisting of a low-density
low
cancellous bone completely covered by a thi
thin layer of cortical bone. This type of
structure is similar to engineering composites designed to combine low weight and high
strength [24]. The major part of the loads are transferred through the thin shell of cortical
bone and the stresses in the cortical bone can become up to 50 times higher than the
stresses in the cancellous bone underneath
underneath. Nonetheless, the cancellous bone fills the
space inside
side the cortical shell preventing it from collapsing [1].
5

The pelvis exists suspended in a complex network of load-bearing, posterior
ligaments consisting of the major sacroiliac, sacrotuberous and sacrospinous ligaments
(Figure 1). The stability of the pelvis depends on the integrity of these strong ligaments
to resist the major forces that act upon a hemipelvis, which are: external rotation, internal
rotation and vertical shear. In the pelvis, the sacrospinous ligament, which joins the
lateral edge of the sacrum with the ischial spine, resists external rotation and the
sacrotuberous ligaments also resist rotation and vertical shear [25].
Because the pelvis is a ring structure, if the structure is fractured and displaced in
one area of the ring, then a fracture or dislocation in another area of the ring is certain.
This is seen in the types of injuries that are produced by abnormal forces applied to the
pelvis. External rotation produces injuries in which the pelvis resembles an open book.
These types of injuries are caused by a direct impact on the posterior spines of the ilium
or by forced external rotation of the legs. Typically, the pubis symphysis will be
disrupted and in extreme cases, the anterior sacroiliac and superspinous ligaments are
ruptured [25]. Internal rotation, also known as lateral compression, occurs during direct
impact on the lateral side of the iliac crest or by indirect impact on the greater trochanter
of the femur. Classical fractures characterized by this type of impact are fractures of the
posterior complex or anterior fractures of the pubic rami [15]. Finally, vertical shear
forces can cause severe disruptions of the soft tissues and major dislocations of the
hemipelvis [25].

6

2.3 Pelvic Injuries
Pelvic fractures are reported to account for 3% of all skeletal injuries [4, 26] and
to be the third most common cause of death in motor vehicle crashes (MVC) [27, 28].
Because pelvic fractures are high energy injuries, transmitted forces required to disrupt
pelvic stability are commonly achieved by the massive transfer of energy during vehicle
collisions, especially during near-side lateral impacts [9-11]. Overall, MVC are
responsible for up to 64% of all pelvic injuries [29]. The remaining pelvic fractures are
sustained during falls, motorcycle accidents, and pedestrian accidents [4, 30].

2.3.1 Mortality & Disability
Pelvic fractures are highly devastating to trauma patients and are associated with
high rates of concomitant injuries, mortality, and residual disability [31]. Due to the
close proximity of the bony pelvis to organs in the pelvic cavity, pelvis fractures rarely
occur as solitary injuries. Instead, they are commonly accompanied with soft tissue
injuries such as rectal, vaginal, urogenital or vascular lesions [4, 26]. Therefore,
aggressive fracture management, requiring multidisciplinary protocols, is required in
treating these complex injuries [4, 28].
Advances in modern critical care medicine have reduced the mortality rates
associated with pelvic fractures from a reported 85% before the 1980’s [4] to a range of 8
to 30% presently, depending on severity of the fracture [11, 28]. Although mortality
rates are decreasing, Inaba et al. (2004) reported an increase in the incidence of severe
pelvic fractures associated with lateral impacts. In the report, data suggests that an
7

increasing number of patients with pelvic fractures are reaching trauma centers due to
better on-site emergency care. In addition, contributing factors such as: increasing
incidence of lateral impact; higher final speed in MVCs resulting in higher energy
transfers; and discrepancy in vehicle sizes involved as the use of sport utility vehicles
rises, are responsible for the higher incidence of pelvic fractures [29].
Although many victims of pelvic injuries are able to survive, their quality of life
following a pelvic injury is drastically diminished. Reportedly, over 50% of victims of
stable fractures and 100% of victims that have suffered a displaced pelvic fracture suffer
from chronic symphysial pain and lower back pain [32]. In addition, more than half of
the patients that experienced a pelvic fracture suffered from incontinence, impotence and
dyspareunia even after four years of recovery [4, 23]. Better understanding of the
mechanics of the “normal” pelvis prior to injury will allow for direct comparison and
evaluation of pelvic mechanics after fracture management with current fixation
techniques following a pelvic fracture. The modeling method developed in this thesis
could be used to create future models that will analyze the effects of current fixation
techniques on pelvic mechanics with a focus to improve treatment in order to decrease
patient disability and increase quality of life.

2.3.2 Female Susceptibility
The female sex has been identified as a risk factor for pelvic fractures resulting
from MVCs in several studies [9-11]. Rowe et al. (2004) found that susceptibility for
pelvic fractures in the female population to be three times higher than for the male
population. In the study, body mass index (BMI) and height differences were not
8

recognized as risk factors; therefore, it was hypothesized that inherent geometric
differences between female and male pelves were likely responsible for discrepancies in
fracture susceptibility [9].
In a similar study, Stein et al. (2006) did recognize lower BMI values as a risk
factor for pelvic fractures due to lateral impact. However, the authors concluded that
even after controlling variables such as BMI, the female sex was associated with a nearly
twofold increase in the risk of pelvic fractures in near-side lateral crashes. The causes for
the higher risk phenomenon could not be explained, yet the authors postulated that
differences in pelvic geometry among males and females and/or differences in seat
position can provide an explanation [11]. Although, the sexual dichotomy in the
geometry of the human pelvis has been reported in various studies [33-35], investigations
to link sex-based geometrical differences and fracture prevalence have not been
conducted.
The higher risk of fractures in the female population is also widely documented in
military medical research [12-14, 36-40]. Reportedly, young female recruits are up to ten
times more likely to develop stress fractures than their male counterparts [14]. In
addition, a high incidence of pubic rami fractures caused by the discrepancy in male
versus female stride length during marching has been reported [12,13].
Developing computational models that uncover how loads are transferred in the
pelves of males and females could address the sex-related susceptibility of fractures.
These models could be use to develop preventative strategies that would protect the
female population, such as safer vehicle designs and possibly new marching stride
regulations for female recruits. In addition, once a pelvic fracture has occurred,
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patient-specific computational models of the pelvis can be used for better management
of the fracture and to achieve personalized care. The FE modeling approach presented in
this thesis can be implemented to create the aforementioned computational models that
will address the sex-bias of pelvic fractures.

2.3.3 Extrinsic vs. Intrinsic Factors
Extrinsic factors such as: the impact type, vehicle design and final velocity,
associated with pelvic fractures, have been studied by various researchers [9-11].
Although there are strong associations between some extrinsic factors and pelvic injuries,
extrinsic factors do not entirely explain the sex-bias in pelvic fractures. Rowe et al. and
Stein et al. agree that factors such as lateral impact, high impact velocities, vehicle
incompatibility (large vehicle impacting a smaller vehicle) and female sex are all
independent risk factors for pelvic fractures.
Like extrinsic factors, intrinsic factors and their relationship to pelvic fractures
have also been explored in a number of studies. Factors such as bone mass density [17],
diabetes [41], BMI [9, 11], geometrical factors [8], and soft tissue thickness [18] have all
been correlated to fracture susceptibility. Engler and Eberhardt (2001) have shown a
strong correlation between fracture site and geometrical parameters in a pelvic bone.
However, there is still no clear correlation between these intrinsic factors to the cause of
higher female susceptibility of pelvic fractures. Opportunity exists to conduct parametric
studies using computational models to discover if any of the aforementioned intrinsic
factors are sex-specific determinants of pelvic fractures. Again, the 2D/3D FE modeling
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approach presented this thesis can be used to create the computational models capable of
conducting such analyses.

2.4 Cadaveric Studies
Experimental testing of cadaveric tissue is a common method of studying the
mechanics of the pelvis. Experimental studies of the pelvis have been conducted on
whole body cadavers [15, 16] and isolated cadaveric pelves [17, 18, 42, 43] during lateral
impact to study pelvic fracture tolerance. These studies have established basic
knowledge regarding the mechanics of the pelvis such as the prevalence of pubic rami
fractures common in lateral MVC. Based on cadaveric studies, Cesari et al. (1980) [16]
and Cesari & Ramet (1982) [15] concluded that female cadavers had a lower fracture
tolerance than males.
Although there has been several stress analyses of the pelvis using strain gauges
[44-46], pelvic mechanics are not fully understood. The challenge in understanding
pelvic mechanics can be partly attributed to its complex geometry and structure. In
addition, unlike well studied long bones such as the femur and tibia, the pelvis is a
complex 3D structure; and, experimental protocols and mechanical guidelines for the
pelvis have not been established.
The 3D nature of the pelvis renders the use of strain gauges in cadaveric studies
inadequate for the description of stress and strain in the pelvis; as such, strain gauges are
limited to measure only the mechanical response at localized points near the surface.
Moreover, the lack of availability of the undamaged cadaveric samples, force researchers
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to use small sample sizes including mostly older patients, usually older than 65 years of
age [15-18]. With older age, possible implications associated with disease such as
osteoporosis and diabetes can cause large inter-specimen variability and influence results.
Hence, there is still a need for better understanding of the mechanics for the entire pelvis.
Understanding pelvic mechanics would lead to design and improvement of treatment that
would not only reduce disability and cost, but will offer better long-term functional
outcomes for trauma patients.

2.5 Composite Bone Analogues
In 1987, Sawbones introduced the first generation of composite bone analogues as
a substitute for cadaveric bones [47]. The composite bones consisted of epoxy reinforced
with braided tube glass fiber to represent the cortical bone layer [47, 48]. As their use in
a variety of biomechanical tests grew in popularity due to their reduced inter-specimen
variability, ease of handling, and ready availability, [21, 22] these synthetic bones had to
undergo several design changes to become more biofidelic bone models.
The second generation of composite bones, introduced in 1991, consisted of
fiberglass-fabric-reinforced epoxy as the material for the cortical bone analogue. These
composite bones required craftsmanship, which introduced variability in mechanical
properties of the specimens and hindered anatomical detailing [47]. Therefore, the thirdgeneration of Sawbones composite bones was introduced in 1998 with a short-fiberglassreinforced epoxy for cortical bone to improve the manufacturing process and uniformity
of mechanical properties and provide higher anatomical detail [48]. Although these
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models had less variability under axial loading and reasonably approached the
mechanical response of human bones, these models experienced premature cracking and
structure failure during in vitro tests under body temperature conditions [49, 50].
The fourth generation of composite bones is now commercially available. These
models have the same geometry as the third generation bones. They consist of a solid
polyurethane foam core to simulate cancellous bone covered by an improved short-glassfiber-reinforced epoxy cortical analogue material to more closely simulate natural cortical
bone and improve performance of in vitro experiments, particularly in fatigue testing. In
addition, increased fracture toughness, fatigue crack resistance, tensile strength and
modulus, compressive strength and modulus, thermal stability, and moisture resistance
are all improved characteristics of the latest generation [51].
The fourth generation of composite bones includes femurs, tibiae, humeri,
hemipelves and others. Mechanical validation of several generations of long composite
bones such as the humeri, tibiae, and femurs have been conducted to compare their
structural properties to those of cadaveric tissue [21, 22, 48, 49, 52, 53]. However, the
composite hemipelvis has not yet been validated, but it is used in a number of
biomechanical studies [54-62] such as this study.

2.6 Finite Element Method in Biomechanics
The finite element (FE) method has been widely used in biomechanical analyses
of bone since its introduction to orthopaedics in 1972 [63]. The FE method is a powerful
computational method capable of evaluating stresses of an entire structure even if the
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structure has complex shape, loading and/or material behavior. The stress distribution is
evaluated by using a computational model in which structural descriptions such as:
loading, geometry, material properties, boundary and material interface conditions are
described as mathematical equations. These mathematical equations are usually based on
experimental data and simulate the actual structure to a degree. During the solution
process, the structural descriptions are combined with equations based on the theories of
solid mechanics to produce approximate numerical solutions [19].
To create a FE model, first the geometry of the structure of interest has to be
defined. In this continuum body, the unknown quantity (e.g. stress, pressure,
temperature, etc.), also known as the field variable, is a function of infinitely many points
in the continuum; thus, it is associated with infinitely many values or “unknowns.” In
order to arrive to an approximation of the problem, this geometrical model is then
mathematically discretized, or divided, into small sub-regions, termed “elements,”
interconnected at specific points or nodes. By dividing the problem into an assembly of
discrete elements, the continuum problem is reduced to a finite number of unknowns.
The field variables can now be described in terms of approximating functions, also
known as interpolation functions, which are assumed for the nodes of each element.
Every element is then assigned properties (e.g. elastic modulus) that describe its material
behavior. Subsequently, the FE model is prescribed boundary conditions (BC), which
essentially are known nodal values of the dependent variables. By simultaneously
solving a system of equations, the FE method ultimately yields a “piecewise”
approximation of the mathematical equations for each element, and then assembles these
solutions to represent the problem as a whole [64].
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2.6.1 Accuracy & Validation of FE Models
The accuracy of an FE model depends on the capability of the collective elements,
known as a mesh, to approximate the exact solution of the model. Theoretically, as the
mesh density of any model approaches infinity, the solution obtained by the FE method
converges to the exact solution. The accuracy of the model can be assessed by mesh
convergence studies, in which the solution for the current mesh density is compared to
solutions produced by increasingly refined meshes until convergence is reached [19].
The validity of the FE model can be defined as how accurately the mathematical
equations for structural definitions assumed in the model simulate the real-life structure.
Validation of FE models is usually evaluated through comparison of experimental data to
FE analyses [19]. In this work, the 2D/3D FE model of the hemipelvis was validated
through comparison of force-displacement (F-D) and strain gauge data obtained from
lateral loading experiments on a composite hemipelvis. Mesh convergence tests were
also conducted on the FE models in this work to check the accuracy of the FE mesh.

2.6.2 Element Types
An extensive library of elements is available in commercial FE software varying
in shape, number of nodes, degrees of freedom (DOF), dimensionality, etc.. In this
research effort, a combination of 2D and 3D elements were used to model the corticallike and cancellous-like bone regions of the composite hemipelvis, respectively.
Specifically, the 2D elements used were three-noded, triangular, shell elements, which
have rotational and displacement DOF (Figure 2). Shell elements are used to model
15

structures similar to the thin cortical bone of the pelvis, in which the thickness is
significantly smaller
maller than the other dimensions: length and width. These types of
elements use this condition to discretize a body by defining the geom
geometry
etry at a reference
surface. In the present model
model,, the reference surface is the surface contour of the
cancellous bone region of the composite hemipelvis.. Although shell elements are
referred as 2D elements, they have a thickness associated with them, which
ich can be
defined as an element parameter in the FE software [65].

Figure 2. Schematic off 3D solid tetrahedral element (left) and 2D triangular shell elements (right) used in
the present FE model of the hemipelvis.

In additionn to the 2D shell elements, 3D solid continuum elements were used in
the present model. Continuum solid elements are standard volume elements that can be
used in a variety of linear stress analyses. The type of 3D solid element used in these
analyses was four-noded,
noded, linear tetrahedral element, which has only translational DOF.
DOF
Tetrahedral elements are usually avoided for stress analysis because they are inherently
stiff and require high density
nsity meshes to converge. However, in order to discretize the
16

very complex geometry of the hemipelvis, autonomic mesh generation algorithms
optimized for tetrahedral elements are necessary.

2.6.3 Finite Element Models of the Pelvis
Tetrahedral elements have been previously used in FE studies of the pelvis [2, 20,
66]. Anderson et al. (2005) concluded that with high mesh refinement, (i.e. at least three
tetrahedral elements through the thickness of the structure) tetrahedral elements behaved
robustly even in bending and were a reasonable choice to model the pelvis [2].
Contrarily, other studies have utilized the preferred “block” element, or hexahedral
elements to mesh their FE models of the pelvis. However, these studies have
compromised the accuracy of pelvic geometry by using large elements [1, 50, 65, 67] or
have sacrificed mesh quality by creating large aspect ratios by splitting elements of a
tetrahedral mesh to create a hexahedral mesh [68]. One particular study was able to
create a robust hexahedral mesh of the pelvis, yet they did not to validate their model
[69].
Previous studies of the pelvis have implemented different methods to account for
the cortical and cancellous bone regions. Similar to the 2D/3D modeling approach
proposed in this research effort, previous studies have used surface shell elements in
conjunction with solid elements to represent the cortical and cancellous bone regions [2,
20, 50]. However, in these studies, the base of the shell elements overlapped the interior
tetrahedral elements. To compensate for the shell and solid overlap in these models, the
overlapping elements were assigned an elastic modulus of zero. Consequently, this

17

method raises concerns regarding the distribution of stress and strain throughout the
model.
An alternative method to using shell elements includes manual segmentation of
the cortical bone and assignment of distinct modulus of elasticity to individual cortical
elements [68]. This method is complex and labor intensive because unlike long bones,
which have thick cortical shafts, the cortical shell in the pelvis is thin. Even with
autonomic segmentation of the cortical and cancellous regions, significant user
interaction is still required to segment and assign mechanical properties to thin cortical
bone regions [7]. This method would be impractical for a clinical setting, in which a
model must be produced quickly if needed to manage a patient’s injury.
Still, other models have eliminated the use of shell elements or distinction of the
cortical-cancellous bone regions through segmentation by generating continuous all-3D
models [7]. These models required high density meshes, which imply high
computational costs. The computational costs for 3D elements are much higher than for
2D elements [19]; therefore, creating an all-3D FE model of complex geometry such as
the pelvis, will require high performance computing—a resource that is not available in
many research and clinical facilities.

2.7 Research Aims
As seen in the literature, a number of FE studies associated with the pelvis have
been conducted [1, 2, 7, 20, 24, 32, 50, 59, 65, 67-73], but few have focused on studying
pelvic fractures. Many of these studies concentrate on the mechanics of the hip joint [59,
61, 68, 69, 73] or the pubic symphysis joint [32, 71]. Others have studied the stress
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distribution of the pelvis during the normal gait cycle or single-leg stance [1, 2, 20, 50,
66]. Therefore, there is still a need for in-depth investigation to understand the
mechanism of pelvic fractures using finite element analysis and to develop robust pelvic
models to elucidate some to the gaps in literature—such as the sex-bias of pelvic
fractures.
The long-term goal of this line of work is to use FE analysis to elucidate the sexrelated determinants of fractures in the pubic bones. Yet, before this could be
accomplished, appropriate models of the pelvis must be created. Consequently, the aim
of this work is to build a robust FE model a composite hemipelvis using a combination of
2D triangular shell elements and 3D solid tetrahedral elements. Certainly, shell elements
have been used in several studies model the thin layer of cortical bone [2, 50, 66, 67].
However, to the author’s knowledge, none of these studies performed thorough
evaluations of the performance of shell elements when used in combination with solid
elements. Thus, a series of analyses were performed comparing the performance of
shells versus solid elements in a “sandwich” construction analogous to the hemipelvis,
using simpler geometry to evaluate their use in modeling the cortical layer of the
composite hemipelvis.
Knowledge acquired from these sets of analyses was applied to create a robust FE
model, which was then validated using strain gauge data acquired from mechanical
testing of the composite hemipelvis. This model will be used in future work towards
accomplishing the long-term goals of this research effort.
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CHAPTER 3: MATERIALS AND METHODS
The aim of this work is to validate a 2D/3D modeling approach using finite
element analysis (i.e. using shell elements in combination with solid elements) for
modeling the composite hemipelvis. Due to the nature of this work, both computational
and experimental activities were necessary to achieve the research aim.

3.1 Experimental Strain Analysis
One large, left composite hemipelvis (Sawbones 4th Generation, model # 3405)
was acquired for the experimental validation of the 2D/3D FE hemipelvis model that
would be described later in this chapter. Three rosette strain gauges (C2A-06-062WW350, Vishay Micro-Measurements, Raleigh, NC), labeled SG1, SG2 and SG3 were
mounted at regions of interest along the superior pubic ramus, inferior pubic ramus and
ischium (Figure 3). The hemipelvis was potted at the pubic body and the ilium using a
casting resin, and were fully restrained in a custom-built fixture during the experiments.
The load was applied laterally on the acetabulum using an adequately sized (46 mm in
diameter) hemispherical, aluminum indenter.
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Figure 3. Picture of composite hemipelvis displaying the mounting location
of strain gauges: SG1, SG2 and SG3.

The hemipelvis was quasi
quasi-statically tested in load control using an MTS Mini
Bionix II (MTS Systems Corp, Eden Prairie, MN) at a rate of 5N/s to a maximum load
application of 600N (approximately 1.0 X body weight) at which time the load was held
constant for 60 seconds and then released (Figure 4). Load magnitude and displacement
dis
data were collected by the MultiPurpose TestWare software (MTS Systems Corp, Eden
Prairie, MN) and surface bone strain data was collected through LabView software and
CompactDAQ hardware (National Instruments, Austin, TX). The rosette gauge readings
read
(ε1, ε2, ε3) for each load-time
time interval were converted to in plane principal strains (ε
( P, εQ)
using the relationship:

(1)
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Figure 4. Experimental set-up.

From these in plane principal strains, the maximum and minimum principal strains
(EPmax, EPmin) from each gauge (SG1, SG2, SG3) were extracted. The experiments were
conducted in duplicate.

3.1 Evaluation of 2D/3D FE Modeling Approach
In order to evaluate the performance of shell elements in conjunction with solid
elements in modeling the synthetic cortical
cortical-like and cancellous-like
like bone sections in the
composite hemipelvis, various sets of FE models consisting of simpler geometry were
constructed. These models implemented the composite “sandwich” construction,
const
which
consists of a thick material layer and at least one significantly thinner layer. These
models were evaluated during different modes of loading: bending mode, compression
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Mode A and compression Mode B. The particular loading scenarios were chosen in
order to represent some of the types of loading that may be experienced by the 2D/3D
hemipelvis model later discussed in this chapter. For each type of loading, one 2D/3D
model and one 3D model were analyzed. The goal was to determine if the mechanical
response of 2D/3D models was similar to the mechanical response of 3D models in each
loading mode. All of the FE analyses were conducted using Abaqus (Simulia,
Providence, Rhode Island). Mesh convergence studies were carried out to determine
optimal element sizes for each analysis.

3.1.1 Bending Mode
Two cantilever beam models of equivalent geometry (275 x 27.5 x 27.5 mm; l x w
x h) were used to determine the behavior of shell elements in comparison to solid
elements subjected to a bending load. The first cantilever beam model consisted of a
substrate meshed with 735,584 linear solid tetrahedral elements (Abaqus element type:
C3D4) and a surface layer meshed with 124,722 linear shell triangular elements (Abaqus
element type: S3) with a prescribed thickness of 2.5 mm. This combination model is
referred as the “2D/3D model.” The 2.5 mm thickness was chosen to prescribe a surface
to substrate ratio of 1:10. The second model, termed “3D model” consisted of a substrate
meshed with linear solid tetrahedral elements and its surface layer (also 2.5mm thick)
was also meshed with solid elements for a total of 512,624 elements. The high density of
the mesh was attributed to the use of five elements (0.5 mm in length) through the
thickness of the surface layer. Tetrahedral (3D) and triangular (2D) elements were
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chosen for these models to more closely represent the hemipelvis model, which can be
meshed better with tetrahedral and triangular elements due to its complex geometry.
Each cantilever beam model was fixed at one end and prescribed a deflection (δ)
load of 10% total beam height at the free end using a displacement BC (Figure
Figure 5).
5 For
the first set of analyses, the substrate and thin surface layer in both models were assigned
isotropic homogeneous
mogeneous material properties of synthetic cortica
cortical bone given by the
manufacturer:: elastic modulus (E) of 16.7 GPa and a Poisson’s ratio ((v)) of 0.3.

Figure 5. Cantilever beam schematic. A deflection of 10% total beam length was applied to the free end
of the beam. The thin surface layer (blue) was meshed with shell elements in 2D/3D models and with solid
elements in 3D models. Values of longitudinal strain were reported from locations labeled 1, 2, and 3.

Local values off tensile strain in the longitudinal direction on three different
locations on the top surface of the cantilever beam, away from boundary conditions, were
recorded
orded and compared to approximate solutions for a cantilever beam using the
following equations forr simple beam theory:
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(2)

Where strain, ε,, is calculated from stress, σ, and elastic modulus, E,, using Hooke’s Law.
The stress at a particular point is computed from a relationship between the force, P, the
distance to the neutral axis, c,, the difference between the distance to the point of interest,
x, the total length of the beam, l, and the moment of inertia, I.. The force on the cantilever
beam model was derived from the prescribed deflection, δ,, of 10% the total length of the
beam.
Following the analysis of the homogeneous 2D/3D and 3D models, the surface
layer and the substrate in eac
each model were assigned unequal material properties
E=16.7GPa, v=0.3
=0.3 and E=
E=157 MPa, v=0.2 (material properties for regions resembling the
cortical and cancellous
ncellous bone)
bone), respectively. Values for EPmax and EPmin at three
locations, similar
imilar to the homogeneous analyses, were investigated in the 2D/3D model
and compared to the EPmax and EPmin at the same locations in the 3D model.

3.1.2 Compression Mode A
Two geometrically identical rectangular prism
prisms (22 x 20 x 45 mm) composed of
two thin layers on each side of a th
thick core were created with a two-to-one
one height to base
ratio (Figure 6). The core was meshed using solid tetrahedral elements (C3D4) and the
thin
hin layers on the right and the left of the core (1 mm thick) were modeled either with
shell triangular elements (S3) to produce a 2D/3D model or with solid te
tetrahedral
trahedral to
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create a 3D model. The 2D/3D model was meshed with 34,728 tetrahedral elements and
1,230 triangular elements. The 3D model was meshed with 118,105 tetrahedral elements.
For simplification, one quarter of the model was analyzed with the use of symmetry BC.
A compressive strain (ε) of 10% total height was prescribed with the use of a
displacement BC on the top surface of the prism.

Figure 6. Compression Mode A schematic. A compressive load causing 10% strain was applied in the
form of a displacement BC to the top of the rectangular prism. The outer thin layers (blue) were meshed
with shell elements in 2D/3D models and with solid element in 3D models. The sum of the total reaction
forces at the base were used to calculate an average stress value.

The models were assigned homogeneous material propertie
propertiess (E=16.7 GPa, v=0.3)
for the first set of FE analyses. After analyses were completed for both models,
mod
the
reaction forces of all the node
nodes on the base of the rectangular prism, in the direction of the
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prescribed strain, were summed to yield a total reaction force, F. This sum was divided
by the original cross-sectional area of the rectangular prism to calculate an average stress
or “global” response of the model. The computed average stress value of the 2D/3D
model was compared to the stress values of the 3D model and the theoretical stress value
calculated using Hooke’s Law.
Subsequently, a second set of analyses were performed on the models, in which
heterogeneous material properties were prescribed. The thick core was assigned
cancellous bone material properties (E=157 MPa, v=0.2) while the thin outer layers were
assigned material properties for cortical bone (E=16.7GPa, v=0.3). Similarly to the first
set of analyses, F was computed and divided by the original cross-sectional area of the
prism to calculate a global stress value.

3.1.3 Compression Mode B
Two geometrically identical rectangular prisms (20 x 20 x 42 mm) were
constructed with a thick core in between thin, top and bottom layers. The core was
meshed using solid tetrahedral elements (C3D4). The thin layers (1 mm thick) were
discretized either with triangular shell elements (S3) to produce a 2D/3D model or with
solid tetrahedral elements to create a 3D model (Figure 7). For the 2D/3D model, 35,435
solid tetrahedral elements and 910 shell triangular elements were used. The 3D was
meshed with a total of 39, 311 solid elements. Only 1/8 of the model was analyzed using
symmetry BC about each axis for simplification purposes.
Comparable with compression Mode A, the core and surface layers were first
assigned homogeneous material properties for the first set of analyses; and later, they
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were assigned heterogeneous material properties. In all analyses, both models were
assumed to have isotropic material prop
properties and subjected to compression (ε) using a
displacement BC,, which produced 10% strain. The reaction force, F, was acquired from
the FE analysis results and used to calculate the global stress in a similar way to
compression Mode A.

Figure 7. Compression Mode B schematic. A compressive load causing 10% strain was applied in the
form of a displacement BC at the top of the rectangular prism. The top and bottom thin layers (blue) were
meshed with shell elements in 2D/3D models and with solid el
elements
ements in 3D models. The sum of the total
reaction forces at the base were used to calculate an average stress value.

3.2 2D/3D FE Model of the Hemipelvis
After
er the evaluation studies of the 2D/3D modeling approach were conducted, the
knowledge acquired from the results of these models was applied to modeling the
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composite hemipelvis. In order to develop a 2D/3D FE model of the hemipelvis, first an
accurate geometrical model of the composite hemipelvis had to be constructed.

3.2.1 Volumetric Reconstruction of Pelvic Geometry
Computer tomography (CT) data (192 slices) of the composite hemipelvis was
imported into the imaging software, Simpleware (Simpleware, Ltd. Exeter, UK) for
volumetric reconstruction and differentiation of cortical and cancellous bone regions.
First, a pixel intensity threshold range with a lower value of 80/227 units and upper value
of 255/1600 units was applied on all slices to segment the pixels corresponding to the
area of interest. Manually, any excess pixels were removed and any pixels that pertained
to the cortical layer, which were not automatically selected, were selected manually to
obtain a closed cortical shell layer. This process is called “masking,” and the created
mask was named “cortical bone” (Figure 8). A duplicate mask of the cortical bone mask
was created. In this mask, a floodfill autonomic operation was applied to each slide to fill
in the black space representing the entire cancellous bone region. This mask, now solid,
represented the geometry of the 3D hemipelvis. A boolean operation was applied on the
solid mask to subtract the mask “cortical bone.” The end result yielded a new mask that
represented only the cancellous portion of the composite hemipelvis. The volumetric
reconstruction of cancellous bone was exported from Simpleware in a STL file format
containing cloud points of the cancellous bone shape. The point cloud was converted
into a surface model using RapidForm® (RapidForm, Seoul, South Korea) and exported
in IGES file format.
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Figure 8. Mask of cortical bone (blue outline) created from selecting pixels of interest in one CT crosssection of the composite hemipelvis.

3.2.2 Sensitivity Analyses Using FE
The geometrical surface model of the cancellous bone created by using
Rapidform® was imported into FE software Abaqus (Simulia, Providence, Rhode Island)
and meshed using a total of 181,204 linear, solid tetrahedral elements (C3D4). From the
nodes of the surface tetrahedrons, a total of 40, 982 triangular shell elements (S3) were
offset outwards. Consequently, the shell and the solid elements shared nodes and did not
require any additional kinematic coupling conditions. The optimal size for the elements
was acquired from assessment of mesh convergence studies (Appendix A). The solid
tetrahedral elements were assigned material properties (E=155 MPa and v=0.2) provided
by the manufacturer of the composite hemipelvis for the cancellous bone material; the
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shell elements were assigned material properties of E=16.7 GPa and v=0.3,
=0.3, also provided
by the manufacturer.
An indenter part was modeled as an analytical rigid with similar geometry to the
aluminum
m indenter used in experiments. An as
assembly
sembly was created in which the
hemipelvis was the slave part and the indent
indenter
er was the master part in a surface-to-surface
surface
contact interaction. The indenter was prescribed a displacement boundary condition in
the direction of its axis to indent the hemip
hemipelvis similar to experiments (Figure 9).
9 Fixed
boundary conditions were assigned to the pubic body and the illium to completely
constrain these areas from translation and rotation.

Figure 9. Display of FE hemipelvis model sho
showing
wing rigid indenter, and fixed boundary conditions at the
illium and the pubic body. The rigid indenter was prescribed a displacement BC in the direction of its axis
to indent the hemipelvis.
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Preliminary analyses
lyses conducted of the hemipelvis FE model indicated that the FE
predictions of maximum and minimum principal strains in the model were sensitive to
various parameters. Two of these parameters were:: cortical shell thickness and friction
coefficient were selected to be examined based on their significant
ficant influence on FE
predictions
ons of strain and displacement. Sensitivity analyses using FE were performed for
different values of cortical shell thickness and coefficient of friction. Results such as
displacement and principal
cipal strain were recorded when a reaction force of 600 N (± 2N)
was measured at a reference point in the analytical rigid indenter.. Maximum and
minimum principal strains from FE models were reported from “virtual strain gauges” or
weighted averages of four elements (each 1 mm in length) residing at locations on the
surface of the model that corresponded to locations of strain gauge placement on the
composite hemipelvis for experiments (Figure 10).

Figure 10. Approximate location of “virtual strain gauges” on hemipelvis FE model.
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Cortical Shell Thickness Sensitivity
Based on the CT slides of the hemipelvis, the cortical layer was observed to vary
in thickness. Measurements of cortical bone thickness were taken from various slides of
the composite hemipelvis using the dicom viewer MI DiscView (McKesson, San
Francisco, CA). The thinnest cortical bone was measured to be approximately 0.5 mm in
thickness; the thickest cortical bone measured about 4.0 mm. Therefore, sensitivity
analyses were conducted examining the effects of extreme values of cortical bone
thickness, as well as values in between the two extremes, on principal strain and
displacement values in the hemipelvis model. Five total studies were completed, in
which the shell elements representing the cortical bone was assigned a uniform value of
0.5 mm, 1.0 mm, 2.0 mm, 3.0 mm or 4.0 mm.

Sensitivity to Coefficient of Friction
Based on preliminary analyses, friction was determined to be a significant
contributor of the mechanical response of the FE model of the hemipelvis undergoing
indentation. Unfortunately, limited information regarding the 4th Generation Sawbones
short-fiberglass reinforced material is provided by the manufacturer or found in literature.
Therefore, the exact coefficient of friction (static or kinetic) between the composite
hemipelvis and the aluminum indenter is unknown. However, the kinetic coefficient of
friction of µ= 0.56 (+ 0.1) was inferred from wear studies of generic fiberglass-reinforced
epoxy sliding on a stainless steel surface. Friction was implemented in the model using a
Lagrange multiplier. The influence of friction on the model was examined for a range of
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friction coefficients varying from µ=0.0 (frictionless) to µ= 1.0 (no-slip) to show the full
scale for friction.

3.3.3 Validation of the FE Hemipelvis Model
Based on the sensitivity analyses, information found in literature and provided by
Sawbones manufacturer, a set of parameters was chosen. These parameters were applied
to a final 2D/3D model of the hemipelvis. Results from this model were compared to
results from experiments for validation purposes. The first priority was to match forcedisplacement values (F-D), then attempt to match individual strain gauge values.
Therefore, F-D curves from experiments were plotted and compared to F-D results given
from FE analysis. Furthermore, FE principal strains from virtual stain gauges were
compared to principal strain gauge data from experiments.
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CHAPTER 4: RESULTS
The aim of this work is to validate a FE modeling approach, which utilizes 2D
triangular shell elements in conjunction with 3D solid tetrahedral elements to model the
cortical bone and cancellous bone, respectively. To accomplish the aims, two major
activities were undertaken: (1) evaluation of the 2D/3D FE modeling approach and (2)
FE modeling and validation of a composite hemipelvis.

4.1 Evaluation of the 2D/3D Modeling Approach
The performance of shell elements in a “sandwich” construction was evaluated
for three different modes of loading that a hemipelvis may experience: bending mode,
compression Mode A and compression Mode B. The aim was to compare the
performance of 2D/3D models against 3D models and to theoretical approximations (if
available); and, then determine whether the 2D/3D modeling approach is appropriate for
the modeling of the hemipelvis.

4.1.1 Bending Mode
In order to understand the performance of the 2D/3D model in bending, a FE
model of a cantilever beam was generated and a displacement BC was applied at the free
end. Four FE analyses, in which material properties and element types were varied as
described in section 3.1.1, were conducted. As seen in Figure 11, the FE results of
longitudinal strain for the three surface locations in the homogeneous 2D/3D model are
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all in agreement (R2=1) with theoretical values of strain calculated using simple beam
theory. Furthermore, because simple beam theory equations are an approximation of the
exact solution, strain results of the 2D/3D model were also compared to the strain

FE Strain, εFE (E-03)

prediction of the 3D model to further validate shell performance.

1.2
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R² = 1
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3D model

2D/3D model

Figure 11. Theoretical strain calculations versus FE results of longitudinal strain for homogeneous 2D/3D
and 3D models. The elastic modulus was 16.7 GPa and the Poisson’s ratio was 0.3.

The results of the heterogeneous 2D/3D model were compared to the 3D solid
model with identical material properties. As seen in Figure 12, EPmax and EPmin from
these two analyses display a linear relationship with a slope approaching one (R2=
0.9995). In light of these results, it can be concluded that the 2D/3D modeling approach
is appropriate for modeling bending in structures assigned homogeneous or
heterogeneous material properties.
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Figure 12. FE results of maximum and minimum principals strains of 2D/3D model versus the 3D model.
Both models were assigned heterogeneous material properties—cortical bone (E = 16.7 GPa and Poisson’s
ratio = 0.3) and cancellous bone (E= 155 MPa and Poisson’s ratio = 0.2) properties.

4.1.2 Compression Mode A
The 2D/3D modeling approach was evaluated using compressive loading
conditions. Models were generated, in which the element types and material properties
were varied as discussed previously in section 3.1.2. The sum of the reaction forces, F,
from nodes residing at the base of the model was computed from each FE analysis. The
stress was calculated by dividing F by the original cross-sectional area of each
rectangular prism. This was considered to be an average or “global” mechanical response
to the loading.
The 2D/3D model in compression Mode A accurately predicted the global stress
response (σ2D/3D ) in the rectangular prism assigned homogenous material properties
when compared to theoretical stress (σtheo ) and 3D model results (σ3D) with an error of
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< 0.5 % (Table 1). Furthermore, the 2D/3D model matched the 3D model better when
heterogeneous material properties were assigned (< 0.02%).

4.1.3 Compression Mode B
Similar compressive analyses were conducted for the structure shown in Figure 7.
Stress values were computed using the total reaction force summed at the base. The
2D/3D model for compression Mode B yielded stress values that were in accordance
with σtheo and σ3D when assigned homogeneous material properties (<5.9%) and when
assigned the heterogeneous material properties (<0.05%).

Table 1. Global stress response (in MPa) for compression Mode A & Mode B.
Material
Properties
Homogeneous
Heterogeneous

Theoretical

Mode A

Mode B

σtheo

σ3D

σ2D/3D

-1670.0

-1670.0

-1662.0

-1670.0

-1768.0

-166.1

-166.1

-16.7

-16.7

----

σ3D

σ2D/3D

Based on analyses conducted to evaluate the performance of shell elements in
conjunction with solid elements (i.e. 2D/3D modeling approach) it is concluded that the
use of shell elements is a reasonable method to model the cortical shell of the composite
hemipelvis. Furthermore, the 2D/3D modeling approach reduces the number of elements
necessary to discretize the cortical thickness of the composite hemipelvis and the
computational costs that would otherwise be unfeasible with an all-3D model.
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4.2

2D/3D FE Model of the Hemipelvis
Once the 2D/3D approach was validated for two loading conditions, preliminary

FE analyses of the hemipelvis model were performed. First, volumetric reconstruction
was implemented to construct a geometrical model from CT slides of the composite
hemipelvis. The geometrical model was imported into ABAQUS and discretized to
produce a FE model. The preliminary analyses were conducted using parameters that
were considered reasonable. These analyses proved sensitive to a number of parameters
that could be controlled in FE. Two parameters: cortical shell thickness and coefficient
of friction were selected and their influence on maximum principal strains (EPmax) and
minimum principal strains (EPmin) of the hemipelvis were explored.
Based on sensitivity studies, the final parameters were chosen and applied to the
hemipelvis FE model (Table 2). FE results of principal strains at the location of strain
gauge mounting in mechanical experiments were compared to the experimental data-sets
of strain gauge principal strains. Furthermore, F-D values obtained from the same
experiments were compared to F-D results for further validation of the hemipelvis FE
model.

Table 2. Cortical shell thickness, coefficient of friction, and material properties used for validation of the
hemipelvis FE model.

Cortical Shell
Thickness (mm)

Coefficient of
friction (µ)

2.0

0.56

Cortical bone material
properties
E= 16.7 GPa
v= 0.3
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Cancellous bone
material properties
E= 157 MPa
v= 0.2

4.2.1 Generation of FE Model
The geometry used in the hemipelvis FE model was acquired through volumetric
reconstruction of CT data of the composite hemipelvis using Simpleware (Figure 13b).
Once the layers were masked for cancellous and cortical regions, a point cloud was
generated of the cancellous bone region and exported to Rapidform to generate a surface
model of the hemipelvis (Figure 13c). Finally, using ABAQUS mesh generator, the
surface model was discretized to generate an FE model (Figure 13d). A total of 181,204
solid 3D elements and 40,982 shell 2D elements were used to generate the mesh of the
hemipelvis FE model.

4.2.2 Sensitivity Analyses Using FE
In the development of the hemipelvis FE model, various parameters were
determined to influence the FE results for EPmax and EPmin at the locations of the three
strain gauges (SG1, SG2, SG3) according to experiments (see Figure 3). Two of these
parameters: cortical shell thickness and friction coefficient were selected to show their
influence on FE results of strain and displacement. Maximum and minimum principal
strains for virtual strain gauges were determined from each FE study. In addition, the
displacement of the indenter for a reaction force of 600 N (± 2N) was recorded.
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Figure 13. (a) CT data are imported into Simpleware imaging software. (b) Selection of pixels pertaining
to cortical and cancellous bone regions. (c) Surface model created from a point cloud. (d) Surface model is
meshed to produce FE model.
l.
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Cortical Shell Thickness Sensitivity
Measurements of cortical bone thickness were taken from CT scans of the
composite hemipelvis (Figure 14). The approximate range of cortical bone thickness was
determined to be 0.5 mm to 4.0 mm. FE analyses were conducted using the hemipelvis
model, in which cortical shell thicknesses of 0.5 mm, 1.0 mm, 2.0 mm, 3.0 mm and 4.0
mm were assigned (Table 3). An average cortical bone thickness was determined to be 2
mm based on observations, which was found to be within the range of pelvis cortical
bone thickness in literature [2, 20, 24, 66]. Due to the high elastic modulus of cortical
bone, it was expected that the hemipelvis model would become stiffer, i.e. the principal
strains would decrease with increasing cortical bone thickness. In general, in the
analyses that included friction, there was a decrease of least 25% in magnitude of EPmax
and EPmin as cortical thickness increased from 0.5 mm to 4.0 mm. However, in the
frictionless analyses, there was not a trend of decreasing strain values. In fact for SG2,
the magnitude of principals strain values increased with increasing cortical bone
thickness. Reasons for this inconsistency need to be further investigated.

Sensitivity to Coefficient of Friction
Friction played a major role in modeling the contact interactions of the rigid
indenter and the acetabulum of the hemipelvis model. Given that the synthetic cortical
material of the composite Sawbones is proprietary, limited information regarding this
material is provided by the manufacturer or found in literature. The exact coefficient of
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Figure 14. Examples of how measurements of cortical shell thickness were obtained from
of the composite hemipelvis. Due to the varying thickness of the cortical shell, sensitivity FE studies of
cortical shell thickness ranging from 0.5 mm to 4.0 mm were conducted.

friction between the aluminum indenter and the composit
composite hemipelvis was unknown and
provided a limitation to this study. However, the kinetic coefficient of friction of µ= 0.56
was inferred from wear studies of generic epoxy reinforced with fiberglass. Therefore,
the sensitivity studies were conducted on thr
three different friction conditions:
(µ= 0), µ= 0.56 and no-slip
slip conditions (µ= 1.0) to cover the full range oof the friction
spectrum (Table 3).
As seen in the rows of Table 3, friction was a major determinant of displacement
values. Frictionless
ess conditions allowed greater displacement of the rigid indenter, as high
as 1.710 mm, for a measured reaction force of 600 N
N. Overall, an increase in friction
increased the magnitude of principal strains in models with cortical shell thickness 0.5
mm to 2.0 mm. For cortical thickness of 3.0 mm and greater, higher coefficient of
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friction produced a decrease in the principal strain magnitude. In addition, lower axial
displacement was measured with increasing coefficient of friction.
The influence of cortical shell thickness and coefficient of friction on EPmax and
EPmin values can be better interpreted graphically using a surface plot. Figure 15 displays
the contribution of cortical shell and coefficient of friction on FE results of principal
strain gauges for one strain gauge, SG1. A decrease in EPmax can be seen as the cortical
shell thickness increases and as the coefficient of friction decreases (Figure 15a). For
shell thickness values of 3.0 mm and greater, a shift occurs in which EPmax starts to
increase as the friction decreases. Similarly, a decrease in magnitude of EPmin is evident
with increasing shell thickness and with smaller friction coefficients; and an increase in
magnitude of EPmin is for the frictionless case and thickness values greater than 2.0 mm
(Figure 15b).

4.2.3 Validation of Hemipelvis FE Model
Based on the CT scan observation, a uniform cortical shell thickness value of 2.0
mm was selected to be the best representative of average cortical shell thickness. In
addition, the coefficient of friction of 0.56 was a determined to be a reasonable estimate.

Force – Displacement (F-D)
In the FE model, displacement of a rigid indenter was used to indent the
acetabulum of the hemipelvis FE model. Similarly, in the experimental strain gauge
analyses, displacement of the MTS actuator was prescribed to produce a 600 N load. The
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F-D data from the FE model is similar to the F-D data given by the actuator during
experiments. In the FE model, the rigid indenter was displaced 0.62 mm from the initial
contact to when a reaction force of 600 N (+ 2N) was detected. In the actual
experiments, the MTS actuator displaced 0.6267 mm in the first experiment trial and
0.5998 mm in the second to produce approximately 600 N on the acetabulum. The F-D
curve for the first experimental trial (Trial 1) and the F-D curve for FE result are plotted
in Figure 16. Agreement can be seen between the two curves.
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Table 3. Maximum/ minimum principal strains (10-6) for SG1, SG2, SG3 and axial displacement (U)
values from sensitivity studies.

Thickness

Frictionless

µ= 0.56

No-slip

(mm)

EPmax

EPmin

EPmax

EPmin

EPmax

EPmin

0.5

61.861

-177.486

112.999

-259.786

132.209

-238.367

1

64.493

-104.247

100.517

-143.901

105.213

-143.812

2

64.593

-46.116

69.606

-47.745

73.550

-50.136

3

40.665

-21.338

28.725

-15.808

28.434

-17.122

4

68.828

-91.735

19.251

-27.520

11.571

-17.220

EPmax

EPmin

EPmax

EPmin

EPmax

EPmin

0.5

91.098

-59.641

90.370

-104.313

91.672

-125.522

1

107.355

-92.962

108.830

-127.938

94.682

-125.842

2

112.835

-127.936

83.624

-135.182

75.052

-135.353

3

104.482

-148.090

58.970

-108.471

46.122

-96.089

4

147.301

-133.300

60.227

-77.645

45.122

-67.878

EPmax

EPmin

EPmax

EPmin

EPmax

EPmin

0.5

71.205

-158.859

84.952

-228.525

111.661

-217.380

1

62.328

-68.660

30.577

-76.688

47.858

-106.613

2

33.136

-0.983

44.554

-33.561

54.198

-48.910

3

48.577

8.732

50.652

-13.713

50.327

-19.658

4

112.084

-65.514

26.933

-1.815

20.336

2.336

SG1

SG2

SG3

U

(mm)

(mm)

(mm)

0.5

0.944

0.798

0.728

1

1.059

0.864

0.663

2

0.989

0.620

0.513

3

0.850

0.460

0.361

4

1.710

0.644

0.457
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(a)

(b)

Figure 15. (a) EPmax dependence on friction coefficient and cortical shell thickness for SG1. (b) EPmin
dependence on friction coefficie
coefficient and cortical shell thickness for SG1.
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Figure 16. Axial force versus axial displacement of one experiment trial and FE results.

Maximum/ Minimum Principal Strains
Using FE, contour plots were acquired showing the continuous maximum and
minimum principal strain distribution developed on the hemipelvis when approximately a
600 N load (actual load was 601.4N) was applied with the rigid indenter. Magnitudes of
principal strain were recorded from surface elements on the hemipelvis model residing at
the locations coincident with strain gauge mounting locations on the composite
hemipelvis during actual experiments. These FE strain results were compared to
principal strains calculated from strain gauge data and displayed in Table 4.
Contour plots showing the average maximum and minimum principal strain
distribution were plotted (Figure 17). The legends for each plot were scaled to indicate ±
10% the expected strain value (from experimental strain gauge data) for each strain
gauge. The distinct strain gradients observed in Figure 17, provided difficulty in
perfectly matching the FE strain results to experimental strain gauge data.
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Table 4. Maximum/ minimum principal strains (micro-strain) and axial displacement values for
experiments Trial 1, Trial 2 and FE results. The last row displays ratio of the average experimental values
(Expave) to FE results values.
SG1

SG2

SG3

U

EPmax

EPmin

EPmax

EPmin

EPmax

EPmin

(mm)

Trial 1

67.469

-324.929

141.737

-126.586

24.189

-560.677

0.626

Trial 2

61.951

-315.217

135.607

-128.824

41.132

-563.474

0.599

FE results

69.606

-47.745

83.624

-135.182

44.554

-33.561

0.620

Expave /FE

0.920

6.700

1.660

0.940

0.730

16.750

0.990

Overall, the FE principal strain values correlate to those calculated from strain gauge
data. The best matches are: EPmax for SG1; EPmax and EPmin for SG2; and max principal
strain for SG3. The min principal strains for SG1 and SG3 showed less agreement.
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SG3

SG2
SG1

(a)

SG3

SG2
SG1
(b)

Figure 17. (a) Maximum principal strain contour plots displaying anterior view (left) and posterior view
(right) of area of interest in the hemipelvis model. (b) Minimum principal strain contour plots displaying
anterior view (left) and posterior view (right) of area of interest in the hemipelvis model. Anterior
Anter view
(left) in both sets of plots shows the location of virtual strain gauge location. The scale of the legend is
adjusted to display +/-10%
10% of the principal strains at each strain gauge location to indicate the expected
strain values from strain gauge experiments.
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CHAPTER 5: DISCUSSION
In this work, a robust hemipelvis FE model incorporating 2D shell elements and
3D solid elements to model the structure of the composite hemipelvis was developed and
validated. First, the 2D/3D modeling approach was evaluated for bending and
compression loading modes. Next, experiments were conducted with the composite
hemipelvis to acquire data for validation of the hemipelvis FE model. Finally, the FE
model was developed and validated against force-displacement and strain gauge
experimental data. The various challenges and limitations of this work will be addressed
in this chapter.

5.1 Element Selection
All of the FE models in this work were generated with either all four-noded
tetrahedral elements (in 3D models) or with a combination of three-noded triangular and
four-noded tetrahedral elements in the 2D/3D models. In the cantilever beam models, the
substrate was meshed with a high-density mesh composed of linear tetrahedral elements.
In the same models, the thin top layer was meshed either with tetrahedral element in the
3D model or with shell elements in the 2D/3D model. In the compression modes the
rectangular prism structure was also meshed using all tetrahedrons for 3D models and
tetrahedrons connected to triangular elements in the 2D/3D models. Given that the
tetrahedral elements are inherently stiffer (compared to hexahedral elements), the choice
of elements to model these structures may not be optimal. However, the triangular and
tetrahedral elements were chosen in the bending and compression analyses, since
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ultimately the hemipelvis FE model would also be discretized using these types of
elements. The rationale is that the complexity of the hemipelvis geometry nearly
prohibits the generation of a robust hexahedral mesh without compromising the accuracy
of the geometry. In other recent FE studies of the pelvis, tetrahedral elements have been
utilized as well [2, 20, 66]. For example, Anderson et al. performed mesh conversion
studies to show that tetrahedral elements used to mesh a cantilever beam were accurate in
capturing bending, with less than 5% error with respect to analytical solutions, when at
least three tetrahedrons were used through the thickness of the beam.
In the hemipelvis FE model, the cancellous bone was meshed with four-noded
tetrahedral elements, while the cortical bone was meshed using three-noded triangular
elements. This choice was based on the compatibility amongst these elements and their
reduced computational costs. The triangular shell elements were grown outward from the
surface tetrahedral elements and shared nodes with their “parent” tetrahedral element
lying underneath. Thus, kinematic coupling was not necessary between the shell and
solid elements because they were already coupled.
Nevertheless, it is important to address that shell and solid elements have different
degrees of freedom (DOF). While shell elements have translational and rotational DOF,
shells only have translational DOF. The rotational DOF of shell could potentially be
problematic because the additional DOF allow warping. However, in this model, shell
elements are directly coupled to the nodes of the solid elements underneath. Therefore,
in theory, the contribution of the rotational DOF of shells is negligible because their
parent solid elements cannot support rotations. Furthermore, no indication of warping
was observed in the FE results. To eliminate this issue of mismatching DOF, continuum
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shell elements, or wedges, were considered as an option because similar to solid
elements, they only have translational DOF. However, the idea was discarded because
these elements performed poorly at capturing bending in other studies [2].
Tetrahedrons were also initially considered to model the cortical bone layer,
however this method was computationally expensive—millions of elements were
required in order to have at least three tetrahedrons across the thickness of the cortical
shell. It is important to note that this all-3D hemipelvis model was generated using a
workstation with 8 GB of RAM, which ran out of resources even when the problem was
attempted with parallel computing capabilities (8 CPUs). Similar computing limitations
may exist in many research and clinical settings. Therefore, the 2D/3D approach focuses
on reducing computational cost for the model, while maintaining accuracy in the
predictions of stress and strain by using a combination of 2D shell and 3D solid elements
to represent the heterogeneous materials of the composite structure. Based on this work,
this approach is proven to be a feasible option when computational resources are
insufficient.

5.2 Geometry of FE Model
In this work, the geometry used in the hemipelvis model was based on the surface
of the cancellous bone analogue. From this reference surface, triangular shell elements
were grown with their thickness defined towards the outer cortex of the hemipelvis. With
this method, some of the surface features may have been lost, which could possibly
explain some differences between the FE results and strain gauge data, especially in
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compression values (EPmin) for SG1 and SG3. This is because the surface of the “actual”
acetabulum is not smooth; instead, it has projections that narrow the diameter of the
acetabulum at the bottom (Figure 3). It is believed that during experiments, the walls of
the indenter push on these projections as it is wedged into the narrow space created by the
projections; this compression is detected by the strain gauges as negative strain or EPmin.
However, because the projection features in the FE model are attenuated, the
compression is not as equally detected in strain gauges near the acetabulum: SG1 and
SG3. This theory is supported by the ratios of average experimental strain gauge to FE
results for SG1 and SG3 of 6.70 and 16.75, respectively, which indicate that the FE
results are much lower in magnitude than the experimental values.
The loss of surface detail can be attributed to various reasons. One possibility for
the lost of information is due to the masking process in Simpleware. During this process,
a grayscale range pertaining to bone is prescribed and pixels in CT scans that fall in the
range are selected to create masks of the bone (Figure 13b); however, some pixels may
have grayscale values that fall outside the prescribed threshold, but are still part of the
bone. These pixels may be neglected, and their geometrical information is lost. In
addition, surface averaging from the generation of surface models by Rapidform may
cause surface details to be diminished. Finally, the surface of cancellous bone, which
was used as the reference surface for the FE model, may not match exactly with the
surface of the cortical bone; therefore, any surface geometry unique to the cortical bone
surface may not be included in the FE hemipelvis model.
In order to prevent losing surface details, Anderson et al. implemented a different
approach to obtain a geometrical model of the hemipelvis. They constructed a
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geometrical model of the hemipelvis and used tetrahedral elements to mesh the entire
volume. Next, they used the outer cortical surface as the reference surface and grew shell
elements with their thickness directed inwardly. This created an artificial overlap
between the shell and the surface solid tetrahedral elements. To compensate for this
overlap, the authors prescribed an elastic modulus of 0 MPa to the tetrahedral elements in
the overlap. Although this method retained the geometrical detail of the cortical surface,
it is possible that the mechanical response of the shell elements was not properly
transferred to the cancellous bone because the shell elements did not share nodes at the
cancellous-cortical interface, but they were presumed to be connected at nodes of the
outer surface.

5.3 Cortical Bone Thickness
In this study, an average, uniform cortical thickness of the cortical bone was
used. Early studies by Dalstra and Huiskes [1] argued that the thickness of the cortical
layer greatly influenced the response of the hemipelvis. However, recent studies, such as
Anderson et al. concluded that cortical strain values were not significantly different
between models assigned average cortical thickness and models that retained true cortical
thickness. In the sensitivity analyses for cortical bone thickness conducted in this study,
different uniform cortical shell thickness values indicate differences in strain values and
force-displacement values (Table 3). Overall, the magnitude of EPmax and EPmin
decreased by at least 25% in models assigned cortical thickness of 4.0 mm compared to
models assigned 0.5 mm when friction was included in the model. It is important to
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highlight that models assigned the extreme uniform thicknesses of 0.5 mm and 4.0 mm
are unrealistic, however they show the lower and upper limits of strain magnitude.
When friction is modeled, the increase in cortical thickness causes an expected
stiffening response in the FE hemipelvis model. However, without friction, the
mechanical response of the model deviates from the expected. Values of EPmax for all
three strain gauges actually increase as the cortical thickness is increased and
displacement values reach almost triple what was expected based on the experimental
results. This suggests that other issues may exist pertaining to shell thickness. In the
validation of the 2D/3D models, all models were created with a very thin layer meshed
with shell elements and a much thicker layer meshed with solid elements. Thus the ratio
of shell thickness to solid thickness was very small (at least 1:10). However, this is not
necessarily the case throughout the FE model of the hemipelvis, especially at the pubic
rami where the cancellous bone is very thin and the ratio of cortical bone to cancellous
bone thickness is large. In preliminary studies, it was observed that small shell layer to
solid layer ratios of at least 1:10 produced reasonable results compared to 3D models in
cantilever beam models. However, larger ratios of shell thickness to solid thickness and
other modes of loading have not been explored. In future work, studies should be
performed to investigate the effects of large shell-thickness-to-solid-thickness ratios and
models with non-uniform cortical shell thickness should be implemented to determine
their affects on the overall pelvis mechanics.
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5.4 Material Properties
Another limitation of this study was the lack of information of the material
properties of the cortical and cancellous bone analogue of the composite hemipelvis.
Only the reported compressive elastic moduli for the composite materials were found. In
addition, isotropic material behavior was assumed in the FE model, which is unlikely to
be the case since the fiberglass may exhibit a directional distribution in the epoxy. The
influence of the fiberglass directionality may contribute to the discrepancies between the
strain gauge measurements and FE predictions.
One influential, but unknown, parameter was the coefficient of friction for the
cortical bone analogue material. For this study, the coefficient of friction used was
inferred from wear studies of a generic epoxy reinforced with fiberglass. Based on
sensitivity FE analyses of friction coefficient, the influence of friction can be
distinguished in the results for axial displacement. From frictionless to no-slip
conditions, the values for displacement decreased as much as 73% for models assigned
cortical shell thickness of 4.0 mm. Therefore, in-house measurements of coefficient of
friction between the aluminum and short-fiberglass reinforced epoxy are necessary to
create a more fidelic FE model of the hemipelvis undergoing indentation.

5.5 Evaluation of 2D/3D Modeling Approach
Models were created with a “sandwich” construction similar to the structure of the
hemipelvis, but with simpler geometry to evaluate the performance of shell elements.
These models were subjected to three different modes of loading modes: bending mode,
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compression Mode A and compression Mode B, to determine whether the 2D/3D element
modeling approach is appropriate for the hemipelvis.

5.5.1 Bending Mode
In bending mode, a homogeneous 2D/3D model was compared to a
homogeneous 3D model and to theoretical solutions for a cantilever beam using simple
beam theory equations. The FE strain results were plotted against theoretical strain
values with a fitted line with a slope of one (R2 =1), which indicates that FE strain results
are equal to theoretical strain. Next, the 2D/3D and 3D models were assigned
heterogeneous material properties of cortical and cancellous bone and compared to each
other. The results show a linear relationship (R2= 0.9995) between the EPmax and EPmin
of 2D/3D models and EPmax and EPmin of 3D models. These results indicate that shell
elements in a 2D/3D model are able to capture bending in structures assigned
homogeneous or heterogeneous material properties.

5.5.2 Compression Mode A
Similar to bending mode, the results for heterogeneous and homogeneous 2D/3D
models agreed with results for homogeneous and heterogeneous 3D models. The
homogeneous 2D/3D model in compression Mode A accurately predicted the stress
response in the rectangular prism when compared to theoretical stress and 3D model
results (< 0.5 % error). Also, the stress response for the heterogeneous 2D/3D model
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matched the stress response for heterogeneous 3D model with a very small percent error
of < 0.02%.
It is important to note that in models of compression Mode A, the compressive
load was applied in a direction that was in-plane for shell elements in the 2D/3D models
(Figure 6). Based on the results, it can be concluded that shell elements subject to inplane compression will perform similar to solid elements.

5.5.3 Compression Mode B
Unlike compression Mode A, shell elements in 2D/3D models of compression
Mode B were compressed in a direction normal to their plane. The direction of loading
created stress results for homogeneous 2D/3D models that were 5.9% higher when
compared to stress results for homogeneous 3D models and theoretical stress. Upon
investigation of this phenomenon, it was observed that shell elements do not support
compressive loading in a direction normal to their plane. This means that in sandwich
construction, in which both layers share the same material properties, shell elements act
as a more rigid structure (i.e. they do not experience deformation in the direction normal
to their plane) and only the solid elements underneath deform. In application to
homogeneous 2D/3D models in compression Mode B, with the top shell layer acting
more rigid than the solid elements below, a greater force was required to produce the
prescribed compressive strain of 10%. Consequently, higher stress values in the
structures were produced.
When the shell elements were assigned material properties of cortical bone
(E=16.7 GPa) and the solids were assigned cancellous bone properties (E=157 MPa) to
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produce a heterogeneous 2D/3D model, the global stress values agreed to stress values of
the heterogeneous 3D model. Here, heterogeneous models agree because the orders-ofmagnitude difference in material properties causes the thin, top structure of both models
to behave stiffer than the solid structure underneath them. Although the contribution of
shell elements to the rigidity to the structure would be unreasonable for other models, for
the hemipelvis model, the stiffer behavior of shell elements is reasonable because the
cortical layer has a compressive modulus that is much higher than the cancellous material
underneath.

5.6 Validation of 2D/3D Hemipelvis Model
In the validation approach of the 2D/3D hemipelvis model, the displacement
reading of the MTS at a 600 N applied force was the first check in validating the FE
model. While strain gauge measurements are more of a local measurement of the
hemipelvis structure, the F-D values are a measure of the global mechanical response of
the hemipelvis structure. Therefore, this approach eliminates any issues associated with
localization of the strain gauges. In other words, it is important to realize that strain
gauge data is a local measurement and only supply an average of the actual strain
occurring under the gauge. On the other hand, FE provides the full strain distribution, in
which a significant strain gradient under the regions of interest was evident (Figure 17).
This gradient poses a significant challenge to perfectly match the FE strain results to
experimental strain gauge data, which adds to the rationale of matching the global
response first.
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CHAPTER 6: CONCLUSIONS
The 2D/3D FE modeling approach for homogenous and heterogeneous material
properties was evaluated for the three loading modes—bending, compression Mode A
and compression Mode B—proposed in this research effort. FE values of stress and
strain for all 2D/3D models in each loading mode were comparable to stress and strain
results in the 3D models. However, closer matching of average stress between 2D/3D
and 3D were achieved with prescribed heterogeneous material properties for cortical and
cancellous bone.
The 2D/3D FE modeling method was applied to generate a FE model of a
composite hemipelvis using a combination of triangular shell elements, representing
cortical bone, on the surface of solid tetrahedral elements representing cancellous bone.
The validity of the FE hemipelvis model was assessed using force-displacement and
strain gauge data acquired from experimental testing of a composite hemipelvis. The
displacement measurements in the direction of the applied force given by the MTS Mini
Bionix II during experiments correlate with FE model results of axial force-displacement.
There was also a correlation between FE results and four of six strain gauge values, with
weaker agreement attributed to minimum principal strain magnitudes for SG1 and SG3.
Several parameters, such as the cortical shell thickness and coefficient of friction
between the rigid indenter and the hemipelvis were identified to have an influence in the
mechanical response of FE hemipelvis undergoing indentation. This indicates the need to
further evaluate the contribution of significant mechanical determinants to increase the
fidelity of the FE model for the use of localized stress-strain analyses.
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In summary, the use of combined shell and solid elements in the 2D/3D FE
modeling approach is a robust and computational effective way to model the composite
hemipelvis. The cantilever beam and compression FE models showed that 2D/3D
models behave similarly to 3D models in a sandwich structure analogous to hemipelvis.
Moreover, the force-displacement match between the 2D/3D FE model of the hemipelvis
and experimental data further support the use of this approach. Finally, there was a
reasonable match between FE results and experiments of four strain gauge values. Any,
discrepancies in the two remaining values are likely to be attributed to other contributing
factors, but not the 2D/3D approach itself.
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CHAPTER 7: FUTURE WORK
The work presented in this research effort provides the fundamentals of a FE
modeling approach for the hemipelvis. Future development of the FE model includes
more in-depth evaluation of the 2D/3D modeling approach for different types of loading;
implementation of realistic mechanical determinants; and mechanical validation of the
composite hemipelvis.

7.1 Evaluation of Modeling Approach for Additional Loading Types
In this work, the 2D/3D FE modeling approach was evaluated for three types of
loading modes in which normal stresses or strains were compared. For the three types of
loading modes, the mechanical response of the 2D/3D models was reasonably similar to
the response of 3D models. However, it is necessary to assess the performance of shell
element for other types of loading. In particular, the response of 2D/3D models to shear
stress must be investigated. Proper analysis of shear stress is crucial in modeling bone
fractures and will become important in future studies when simulating pelvic fractures.

7.2 Implementation of Realistic Mechanical Determinants
This work highlighted the influence of parameters such as cortical shell thickness
and coefficient of friction between the indenter and hemipelvis. Further information
regarding these parameters is needed to increase fidelity of the FE model. Determining
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the coefficient of friction would require quasi-static sliding tests between a sample of the
cortical surface and aluminum.
Additionally, location-dependent assignment of cortical thickness will capture the
non-uniform cortical thickness of the hemipelvis. The process of approximating the
cortical shell thickness would be optimally achieved if it was automated. Specific
algorithms would compute pixel thickness through the cross-section of the cortical shell
in CT scans, and associate this thickness value with a coordinate system coincident with
the coordinate system of the discretized FE model. Each shell element on surface of the
FE model would then be assigned an individual value of thickness depending on its
location in reference to the coordinate system. Writing the algorithm to achieve this will
require a significant effort. However, better approximations of location dependent
cortical shell thickness will improve local FE results of strain and stress. Furthermore, it
would allow for patient-specific FE models, which would be necessary in order to reach
the long-term goal of exploring the sex-based geometrical differences between male and
female pelves to uncover the lower fracture tolerance in females.

7.3 Mechanical Validation of Composite Hemipelvis
As mentioned in section 2.5, many studies (including the present one), have
utilized the composite hemipelvis; however, studies to compare the mechanical behavior
of the composite hemipelvis to the mechanical behavior of cadaveric pelvis have not been
conducted. For the purpose of this work, the use of the composite hemipelvis is
acceptable because it was used to validate a modeling approach. However, future FE
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models must be generated from CT scans of cadaveric pelves in order to draw any
conclusion of the mechanical behavior of human pelves. There is a need for mechanical
validation of the composite hemipelvis similar to validation of the composite tibia and
femur conducted by previous researchers. If the composite hemipelvis is validated, it
would greatly increase the value of studies that use these synthetic bones as substitutes
for cadaveric bones in mechanical testing.
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APPENDIX A
Mesh Convergence Study of Hemipelvis FE Model
To determine the optimal element size for the hemipelvis FE model, a mesh
convergence study was carried out with the following global element sizes: 10mm, 5mm,
2.5mm and 1.25mm. In each model, fixed boundary conditions were applied to the pubic
body and the illium. A load of 600 N was applied as a concentrated force directly on the
acetabulum. The maximum displacement in the direction of the applied load was
acquired for each mesh and compared to the displacement value obtained from the finest
mesh. The difference between the displacement value for each mesh and the
displacement value for finest mesh was plotted as percent difference versus total number
of elements in Figure 18.
The model used for simulations was created using a global seed size of 2 mm,
with a local element seed size of 1.0 mm near the location where strain gauges were
applied in the experiments with a total number of elements equaling 222,185, based on
this mesh convergence study. The percent difference of the maximum displacement
between the mesh used in the simulations and the most refined mesh in the current study
was very small (less than 1.5%).
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Figure 18. Percent difference versus total number of elements for convergence study of
hemipelvis FE model.
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APPENDIX B
The following is an Abaqus Standard input file for the computational hemipelvis
model. The complete list of nodes and elements has been abbreviated in order to shorten
the document.

*Heading
** Job name: May24 Model name: Model-1
** Generated by: Abaqus/CAE Version 6.8-4
*Preprint, echo=NO, model=NO, history=NO, contact=NO
**
** PARTS
**
*Part, name=Part-2
*End Part
**
*Part, name=Rapidform_Unmeshed_Hemipelvis-mesh-1
*Node
1, 62.2118721, 91.6785431, 53.5817184
2, 59.3058205, 92.2648315, 61.366127
3, 59.086937, 91.6242523, 61.6445465 . . .
*Element, type=C3D4
1, 21469, 21470, 7244, 7237
2, 21471, 21472, 21473, 21474
3, 21471, 21472, 21474, 21475 . . .
**
*Element, type=S3
181204, 6202, 6155, 6160
181205, 7835, 7823, 1117
181206, 7535, 1023, 1024 . . .
**
*Elset, elset=corticalshellelements, generate
181204, 222038,
1
*Elset, elset=_PickedSet5, internal, generate
1, 181203,
1
*Elset, elset=SG1
190790, 192320, 193330, 195430
*Elset, elset=SG2
190827, 191644, 193569, 193790
*Elset, elset=SG3
185399, 184431, 183806, 182704
*Elset, elset=OffsetElements-1, generate
222039, 222053,
1

75

*Elset, elset=OffsetElements-2, generate
222054, 222085,
1
*Elset, elset=OffsetElements-3, generate
222086, 222106,
1
*Elset, elset=OffsetElements-4, generate
222107, 222148,
1
*Elset, elset=OffsetElements-5, generate
222149, 222177,
1
*Elset, elset=OffsetElements-6, generate
222178, 222185,
1
** Section: Section-2
*Solid Section, elset=_PickedSet5, material=cancellous
**
** Section: Section-1
*Shell Section, elset=corticalshellelements, material=cortical, offset=SNEG
2., 5
** Section: Section-1
*Shell Section, elset=OffsetElements-1, material=cortical, offset=SNEG
2., 5
** Section: Section-1
*Shell Section, elset=OffsetElements-2, material=cortical, offset=SNEG
2., 5
** Section: Section-1
*Shell Section, elset=OffsetElements-3, material=cortical, offset=SNEG
2., 5
** Section: Section-1
*Shell Section, elset=OffsetElements-4, material=cortical, offset=SNEG
2., 5
** Section: Section-1
*Shell Section, elset=OffsetElements-5, material=cortical, offset=SNEG
2., 5
** Section: Section-1
*Shell Section, elset=OffsetElements-6, material=cortical, offset=SNEG
2., 5
*End Part
**
**
** ASSEMBLY
**
*Assembly, name=Assembly
**
*Instance, name=Rapidform_Unmeshed_Hemipelvis-mesh-1-1, part=Rapidform_Unmeshed_Hemipelvismesh-1
-17.8832159525999, -36.3180225877134, -108.973972848273
-17.8832159525999, -36.3180225877134, -108.973972848273, -17.1046122069736, -35.8187535159533,
-108.593832570573, 115.679064407896
*End Instance
**
*Instance, name=Part-2-1, part=Part-2
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102.809446,
29.7, -39.18002
*Node
1, -4.22503126e-15,
-48.5,
0.
*Nset, nset=Part-2-1-RefPt_, internal
1,
*Surface, type=REVOLUTION, name=RigidSurface_, internal
START,
0.,
24.5
LINE,
23.,
24.5
LINE,
23.,
-25.5
CIRCL,
0.,
-48.5,
0.,
-25.5
*End Instance
**
*Nset, nset=_PickedSet56, internal, instance=Part-2-1
1,
*Nset, nset=_PickedSet57, internal, instance=Part-2-1
1,
*Nset, nset=_PickedSet28, internal, instance=Rapidform_Unmeshed_Hemipelvis-mesh-1-1
93, 109, 111, 117, 281, 282, 283, 284, 285, 286, 287, 307, 308, 309, 310, 311....
*Surface, type=ELEMENT, name=_PickedSurf55, internal
__PickedSurf55_SPOS, SPOS
** Constraint: Constraint-1
*Rigid Body, ref node=_PickedSet57, analytical surface=Part-2-1.RigidSurface_
*End Assembly
**
** MATERIALS
**
*Material, name=cancellous
*Elastic
157., 0.2
*Material, name=cortical
*Elastic
16700., 0.3
**
** INTERACTION PROPERTIES
**
*Surface Interaction, name=IntProp-1
1.,
*Friction, lagrange
0.56
**
** INTERACTIONS
**
** Interaction: Int-1
*Contact Pair, interaction=IntProp-1, small sliding, adjust=0.0
_PickedSurf55, Part-2-1.RigidSurface_
** ---------------------------------------------------------------**
** STEP: Step-1
**
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*Step, name=Step-1, inc=200
*Static
0.1, 1., 1e-05, 0.1
**
** BOUNDARY CONDITIONS
**
** Name: BC-1 Type: Symmetry/Antisymmetry/Encastre
*Boundary
_PickedSet28, ENCASTRE
** Name: BC-2 Type: Displacement/Rotation
*Boundary
_PickedSet56, 1, 1
_PickedSet56, 2, 2, -1.
_PickedSet56, 3, 3
_PickedSet56, 4, 4
_PickedSet56, 5, 5
_PickedSet56, 6, 6
**
** OUTPUT REQUESTS
*el print, elset=Rapidform_Unmeshed_Hemipelvis-mesh-1-1.SG1, frequency=1, position=integration
points
EP
*el print, elset=Rapidform_Unmeshed_Hemipelvis-mesh-1-1.SG2, frequency=1, position=integration
points
EP
*el print, elset=Rapidform_Unmeshed_Hemipelvis-mesh-1-1.SG3, frequency=1, position=integration
points
EP
*node print, nset=Part-2-1.Part-2-1-RefPt_, frequency=1
RF2
*Output, field, number interval=100., time marks= yes
** FIELD OUTPUT: F-Output-1
**
*Output, field
*Node Output
RF, U
*Element Output, directions=YES
E, EE, S
**
** HISTORY OUTPUT: H-Output-1
**
*Output, history
*Energy Output
ALLSE, ALLVD, ALLWK, ETOTAL
*End Step
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